Long-term crop rotation systems can benefit soil chemical-physical properties and crop productivity. The lack of information on the effect of long-term crop rotations on soil chemical-physical properties for volcanic soils in Chile could restrict reaping real benefits, and make it difficult to take agricultural management decisions, which could lead to possible negative consequences on some soil chemical-physical properties and the environment. The development of information associated with the effect on soil chemical-physical properties with respect to long-term rotation systems and their fertilization management contribute to improving agronomic management decisions for these soils. A study was carried out to assess the effect of six rotation systems replicating fertilization management used by farmers, especially N and P application, and eventually low rates of K, Ca and Mg on soil chemical properties in a volcanic soil after 7 yr in Central South Chile. Affected chemical properties were pH, inorganic N, and available K, along with a general decrease of pH related to fertilization used, which was insufficient in Ca, K, and Mg. Moreover, this soil exhibited high P adsorption capacity (90.2 to 97.5%). Hence, crop rotations that included pasture legumes and crops with high nutrient inputs such as sugar beet (Beta vulgaris L.) generated a less negative effect on soil chemical properties. This study indicates that fertilization management in crop rotation systems must consider the input and output nutrient balances to prevent the negative effect on some soil chemical properties.
T he use of inappropriate fertilization rates in crop production could generate problems by decreasing nutritional reserves associated with low input use or increasing some nutrients with negative effects on the environment when they are applied at rates higher than crop needs, thus generating soil and water contamination and soil acidification (Sims et al., 2000; Halvorson et al., 2004; Wivstad et al., 2005; Herencia et al., 2007; Undurraga et al., 2009) . Monoculture or intensive rotations also decrease crop productivity and the negative effects on some soil properties with regard to the diversity of the rotation crops, especially when these are inadequately fertilized (Porter et al., 1997; Carpenter-Boggs et al., 2000; Sandoval et al., 2007; Stanger and Lauer, 2008) .
Crop rotation allows an increasingly efficient use of nutrients applied as fertilizers, which decrease the risk of depletion of finite natural resources used for fertilizer production; there is a need to provide fertilization rates appropriate for each crop. At the same time, sustainability of cropping systems requires that nutrients removed from the soil be balanced by the nutrients applied (Wivstad et al., 2005; Stanger and Lauer, 2008) .
The principal nutrients applied for the non-legume crops were N and P, whose rates were determined through different methods such as chemical indexes, aerobic incubations for N (Stanford and Smith, 1972; Hong et al., 1990; Laos et al., 2000) , and chemical soil analysis for P. Although P requirements are generally low in crops (Lester et al., 2009) , excessive rates could generate environmental problems in soils with low adsorption capacity (P accumulation capacity) as opposed to ash volcanic soils with high adsorption capacity and low pollution risk (Beck et al., 1998; Barreal et al., 2001; Haynes and Mokolobate, 2001) . Other nutrients such as K, Ca, and Mg are partially applied according to soil content (especially K), soil acidity (Ca and Mg), or applied according to crop response. Moreover, they are considerable for crop and grasslanduptakes, which could negatively affect both fertility and productive soil capacity (Evers, 2002; McDonald, 2006; Hirzel et al., 2007; Shewmaker et al., 2008) .
Volcanic soils in Chile represent 5 288 000 ha (Besoain, 1985) , which cover 1% of the earth's surface, but support 10% of the world's population, including some of the highest human population densities (Neall, 2006) . Volcanic soils are found in Chile, Peru, Ecuador, Colombia, Central America, the United States, Kamchatka, Japan, the Philippines, Indonesia, New Zealand, and the independent Southwest Pacific Island states (Neall, 2006) . Fertilization management in these soils under crop rotation systems mainly incorporates N and P in accordance with crop needs and their interaction with other soil properties, especially for P. Sugar beet (Beta vulgaris L.) and grassland crops include lime application. Applying K and Mg in volcanic and non-volcanic soils is not a common practice in all the important agricultural species or it is under crop needs, and respond to the low effect obtained with increased rates used in some crops as reported for K in corn (Hirzel et al., 2004; and ryegrass (Ruiz and Sadzawka, 2003) . In addition, farmers who crop agricultural species such as those in this experiment usually use fertilization programs that allow decreasing the direct cost of each crop without considering future possible problems associated with using low rates of some nutrients. This generates two problems: negative effect on some of the principal soil chemical properties (pH, K, Ca, or Mg) and a possible decrease of the future yield of some crops.
Experimental results in Chile's ash volcanic soils indicate that crops that were adequately fertilized according to their soil chemical and physical characteristics yielded 27.0 to 37.0 Mg ha -1 for silage corn (Zea mays L.) (Soto et al., 2002; Hirzel et al., 2007), 8.3 to 10.6 Mg ha -1 for wheat (Triticum aestivum L.) (Mellado, 2000; Campillo et al., 2007; 2010) , 3.8 to 4.7 Mg ha -1 for bean (Phaseolus vulgaris L.) (Tay et al., 2006) , 14.1 to 18.2 Mg DM ha -1 for lucerne (Medicago sativa L.) (Soto et al., 2000) , and 13.5 to 15.7 Mg DM ha -1 for red clover (Trifolium repens L.) (Ortega et al., 2003) .
The objective was to determine the influence of six crop rotation systems and fertilization management to supply N and P needs after 7 yr of crop rotations on chemical properties in a volcanic ash soil in Central South Chile.
MATERIALS AND METHODS
This study was conducted at the Santa Rosa Experimental Farm (36°31' S, 71°54' W), Instituto de Investigaciones Agropecuarias INIA, Chillán, Chile, between 1994 and 2002 in a silt loam volcanic soil (medial, amorphic, thermic Humic Haploxerands) (Stolpe, 2006) . The soil's physicalchemical characteristics at the start of the crop rotation (0 to 20 cm depth) are shown in Table 1 . This soil had been previously cropped with oats (Avena sativa L.). The area has a Mediterranean climate with high temperatures and low rainfall and irrigation in the summer; and lower temperatures and high rainfall in the winter.
The experimental site was divided into a randomized complete block design with four replicates for each crop rotation treatment. Each experimental unit measured 7 x 40 m and the total experimental area was 6720 m 2 . All plots were cultivated with tillage and pesticides to optimize crop growth in accordance with standard agronomic practices indicated by several authors for Chile's central region in the six rotations being evaluated (Mellado, 2000; Soto et al., 2000; 2002; Ortega et al., 2003; Tay et al., 2006; Campillo et al., 2007; Hirzel et al., 2007) . Crops and their fertilization are shown in Table 2 . Harvest residues were removed each year. Fertilizers employed during the study period were urea (N), triple superphosphate (P2O5), potassium chloride (K2O), potassium magnesium sulfate (MgO, K2O, S), and calcium carbonate (CaO).
Mechanically harvested grain (grain crops), roots (sugar beet, Beta vulgaris L.), and whole plants (silage corn, pastures, grain crops, and sugar beet) were sampled from each 1 m 2 experimental unit in accordance with the crop rotation, suitable harvest stage, treatment, and year for yield and evaluation of whole plant nutrient uptake (nutrients harvest) . Dry matter content was determined by oven drying at 70 ºC for 48 h. Concentrations of plant N, P, K, Ca, and Mg were determined as follows: total N by macro-Kjeldahl procedure, total K, Ca, and Mg by ash drying at 500 °C, acid digestion (2 M HCl), and atomic emission (K), as well as atomic absorption spectrophotometry (Ca and Mg). Phosphorus was measured in the same extracts by colorimetry following (Sadzawka et al., 2007) . Results obtained for nutrient uptake in each treatment, except N, during the 7-yr rotation were compared with their respective input and an accumulated balance (input-output as fertilization and nutrient harvest) was then calculated, which allowed analyzing the effect of each rotation on some soil chemical properties. N balance was not determined because the rotations that included legume grass were not fertilized with this nutrient. Compound samples from 0 to 20 cm soil depths were collected manually from each treatment. Soil samples were air-dried and put through a 2-mm sieve. Soil pH was determined in 1:2.5 soil:water extracts. Soil organic C was determined by Walkley-Black wet digestion. Soil inorganic N (NO3-N and NH4-N) was extracted with 2 M KCl and determined by colorimetry with a segmented flux spectrophotometer (Skalar autoanalyzer). Soil-extractable P was determined by the molybdate-ascorbic acid method and was 0.5 M NaHCO3 (Olsen P). Soil available K was determined by 1 M NH4OAc extraction followed by flame emission spectrometry (Sadzawka et al., 2006) . In addition, P adsorption was calculated as the difference between final and initial available P divided by P balance obtained during each 7-yr crop rotation: P adsorption (%) = [(Pf -Pi)/P balance] * 100 where: Pi = Olsen P at the start of the experiment (mg kg -1 ); Pf = Olsen P at the end of year 7 of each crop rotation (mg kg -1 ); P balance = P applied -P uptake (mg kg -1 ). The balance of P (mg kg -1 ) was calculated to adjust kg ha -1 of P2O5 to bulk density (Table 1) , soil depth (0 to 20 cm), and the relationship of P molecular weight over P2O5 (43.64%). P uptake was calculated for the total dry matter and P concentration of each crop or pasture.
Data were analyzed with standard ANOVA procedures for a randomized complete block design. The main effect means were compared by the least significant difference (LSD) test. In addition, relationships between soil chemical parameters and accumulated nutrient balances were determined with a linear mathematical model. Significance was set at p < 0.05 (SAS Institute, 1990) .
RESULTS AND DISCUSSION

Agronomic behavior and nutritional balances of crop rotations
Crop yields obtained in each rotation (Table 3) were generally lower than those indicated for the agricultural conditions of the study area with adequate fertilization management (Mellado, 2000; Soto et al., 2000; 2002; Ortega et al., 2003; Tay et al., 2006; Campillo et al., 2007; Hirzel et al., 2007; Campillo et al., 2010) , and some crops included in different rotations exhibited differences in the same year. These lower yields were attributed to both low availability of some nutrients such as K (Table  1 ) and the deficient application for some crops (Table 2) according to nutritional needs (Benton, 1998; Havlin et al., 1999; Herencia et al., 2007; Hirzel et al., 2007) , which is corroborated by the negative balance obtained for K and Mg, and also for Ca in some crop rotations (Table  4) . Furthermore, these results suggest that the soil critical nutritional references used for fertilization in Chilean volcanic soils with respect to potential crop production will be checked and corrected.
The accumulated nutrient balance (Table 4) is shown for each 7-yr crop rotation indicated insufficient K and Mg fertilization in all evaluated rotations. Two rotations without sugar beet and lucerne exhibited a negative Ca balance since Ca was regularly applied in these crops (Table 2) . In general, all crops were fertilized with insufficient K, Mg, and Ca rates (Table 2) (Benton, 1998; Havlin et al., 1999; Herencia et al., 2007; Hirzel et al., 2007) . All rotations obtained a positive P balance because rates were higher than P requirements (Tables 2  and 4 ). Moreover, rotations 1 and 2 exhibited the highest accumulated P associated with P rates for the sugar beet crop (Tables 2 and 4) .
Effect of crop rotation on soil chemical properties
Soil chemical analysis was carried out at a 0 to 20 cm depth at the end of rotation year 7 (Table 5) indicating that only pH, inorganic N, and K were affected by the evaluated crop rotations (p < 0.05). Organic C and available P were not statistically affected by the different crop rotations (p > 0.05), but, in general, crop rotations exhibited a positive effect on these parameters. In addition, their contents increased with regard to the initial condition of the experiment. Organic C content and its evolution is also an indicator of soil quality (Doran and Parkin, 1994) , and the increase obtained in all the evaluated rotations indicate that these rotations do not damage soil quality. Organic C value ranged from 65.0 to 71.5 g kg -1 , and there were no differences among evaluated rotations. Some differences were found in the same experimental site at a 0 to 5 cm depth (Sandoval et al., 2007) while there were no differences at 5 to 20 cm (Undurraga et al., 2009) . For other soil conditions, some authors also indicated that using different crop rotations in tillage conditions did not affect organic C content (Swift, 2001; Wivstad et al., 2005; Herencia et al., 2007) .
In general, pH obtained in all rotations was lower than the initial value and ranged from 5.53 to 6.03 (Table 5) ; rotations fertilized with Ca exhibited a highly significant relationship with accumulated Ca (Figure 1) , and a less significant relationship with negative K and Mg balances; moreover, the relation coefficient was low (0.38). The lowest pH value was obtained in rotation 3 associated with high nutrient uptake of alkaline reaction in the soil derived from crops such as red clover and silage corn, as well as the lack of Ca fertilization (lime application), and the use of urea as N fertilizer source (Rodriguez et al., 2008; Vieira et al., 2008) . A higher acidification was expected for rotations 2 and 4, which used the higher N rates (urea) ( Table 2) ; moreover, these rotations exhibited a less negative Ca balance than in rotation 3 (Table 4) , which had the loweset pH (Table 5) .
Inorganic N content ranged from 13.85 to 29.85 mg kg -1 ( 1 Red clover-red clover-sugar beet-wheat-red clover-red clover-sugar beet. 2 Bean-barley-sugar beet-wheat-bean-barley-sugar beet. 3 Red clover-red clover-silage corn-wheat-red clover-red clover-silage corn. 4 Bean-barley-corn-wheat-bean-barley-corn. 5 Silage corn-lucerne for 5 years-sugar beet. 6 Silage corn-white clover and ryegrass for 5 years-sugar beet. Table 5 . Soil chemical properties at depths of 0 to 20 cm at the end of the 7 th rotation year for six crop rotation systems in a volcanic soil in Central South Chile.
Different letters in the same column indicate statistical differences between treatments (p < 0.05). †Crop rotations. 1 Red clover-red clover-sugar beet-wheat-red clover-red clover-sugar beet. 2 Bean-barley-sugar beet-wheat-bean-barley-sugar beet. 3 Red clover-red clover-silage corn-wheat-red clover-red clover-silage corn. 4 Bean-barley-corn-wheat-bean-barley-corn. 5 Silage corn-lucerne for 5 years-sugar beet. 6 Silage corn-white clover and ryegrass for 5 years-sugar beet.
Crop rotation † pH Organic C Inorganic N Olsen P Available K 0.05). The highest values were obtained in rotations 1 and 3 (which included red clover) and only differed from rotations 2 (bean-barley-sugar beet-wheat-bean-barleysugar beet) and 6 (silage corn-white clover and ryegrass for 5 yr-sugar beet). These differences can be attributed to the fact that rotation 2 did not include pasture and rotation 6 included a low N input pasture (Table 2) Rotation 5, which included only lucerne, showed an increase in available N with respect to rotations 2 and 6; moreover, its yield was lower than values indicated by Soto et al. (2000) for the same study area, which is associated with both its atmospheric N fixation capacity and residual N in the soil. Neall (2006) indicated that in some volcanic soil, especially younger volcanic materials, time can limit N buildup in the soil, associated with some pastures that fix N in a serial succession to more N-demanding plants.
Available P showed no differences among the six evaluated rotations (p > 0.05) and fluctuated between 6.25 and 8.43 mg kg -1 (Table 5) . These values were lower than those indicated by Essington and Howard (2000) for the first 15 cm soil depth at the end of a long-term rotation with wheat and corn fertilized with rates of 137.4 kg P2O5 ha -1 on non-volcanic soil. Furthermore, the relationship between available P and accumulated P balance was analyzed, but the correlation index and significance level were very low. Figure 2 shows the P adsorption coefficient at the end of year 7 of the experiment. Although there were differences in the P adsorption coefficient, the lowest value was obtained in rotation 3 (Figure 2 ) probably because of both high accumulated P uptake and lower P balance (Table 4 ). The P adsorption coefficient was high in all treatments and its value fluctuated between 90.2 and 97.5%, thus responding to the high P fixation capacity of this soil (Beck et al., 1998; Barreal et al., 2001; Haynes and Mokolobate, 2001) . Available K values ranged from 0.079 to 0.208 cmol(+) kg -1 (Table 5 ) with differences among rotations (p < 0.05). The highest values were obtained in rotations 2 and 4 probably given the less negative balance calculated for these treatments (Table 4) and their lower K uptake. For treatments 2 and 4, the available K value increased with respect to the initial experimental condition, which can respond to this soil's low K fixation (Morton et al., 2004) and K supply capacity probably due to the cationic competition mechanism in the adsorption sites (Escudey et al., 1997) and the higher pH obtained for those treatments (Table 5) (Cáceres-Jensen et al., 2009) .
In general, evaluated crop rotations do not differentially affect soil quality parameters tested in this experiment; moreover, chemical soil properties were affected. The most favorable crop rotations for this experiment were those that included crops with nutrient use higher or approximate to crop needs, and pasture legumes. 
CONCLUSION
Among the soil chemical properties evaluated in volcanic soil cultivated with different crop rotation systems, fertilization management used by farmers mainly focused on N and P applications, which negatively affected pH and frequently available K, and do not allow to achieve the yield potential reported for this agricultural area. Results also indicated the positive effect of including pasture legumes and crops with high nutrient inputs, such as sugar beet, in a long-term crop rotation, which contribute to conserving soil chemical properties. To generate soil resource sustainability and improve crop productivity, in addition to using high rates of N and P, crops must be fertilized with nutrients such as Ca, Mg, and K in connection with their nutritional requirements and input and output nutrient balances must be considered in the long-term. Results also allowed assessing the volcanic soil P adsorption coefficient in a long-term experiment under field conditions. Finally, the organic C value obtained suggests that the evaluated crop rotations do not affect soil quality.
RESUMEN
Propiedades químicas del suelo volcánico afectado por rotaciones de siete años. Los sistemas de rotación de cultivos de largo plazo pueden tener varios beneficios sobre las propiedades físico-químicas del suelo y productividad de los cultivos. La falta de información sobre el efecto de rotaciones de largo plazo en las propiedades físico- químicas para suelos volcánicos en Chile podría limitar la obtención de beneficios reales, dificultando decisiones de manejo agrícola, con posibles consecuencias negativas en las propiedades físico-químicas del suelo y el ambiente. El desarrollo de información asociada a efectos en las propiedades físico-químicas del suelo en relación al uso de diferentes sistemas de rotaciones de largo plazo y sus manejos de fertilización, podrían contribuir a mejorar las decisiones de manejo agronómico en estos suelos. Se realizó un estudio que evaluó el efecto de seis rotaciones de cultivo que representan el manejo de fertilización utilizado por agricultores, que enfatiza la aplicación de N y P y eventualmente baja dosis de K, Ca y Mg, sobre las propiedades químicas de un suelo volcánico del centrosur de Chile después de 7 años. Las propiedades químicas afectadas fueron pH, N inorgánico y K disponible, con una disminución general del pH relacionada con la fertilización usada, insuficiente en Ca, K y Mg. A su vez este suelo presentó una alta capacidad de adsorción de P (90,2-97,5%). Consecuentemente, las rotaciones de cultivo que incluyeron leguminosas forrajeras y cultivos con altos ingresos de nutrientes como remolacha generaron un efecto menos negativo en las propiedades químicas del suelo. Para prevenir efectos negativos sobre las propiedades químicas del suelo como lo indicado en este estudio, el manejo de fertilización en sistemas de rotaciones de cultivos debería considerar balances de entrada y salida de nutrientes.
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